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In the DNA binding domain of microphthalmia-associated transcription factor (MITF), four mutations are
reported: mi, Miwh, miew, and Mior. MITFs encoded by the mi, Miwh, miew, and Mior mutant alleles (mi-MITF,
Miwh-MITF, miew-MITF, and Mior-MITF, respectively) interfered with the DNA binding of wild-type MITF,
TFE3, and another basic helix-loop-helix leucine zipper protein in vitro. Polyclonal antibody against MITF was
produced and used for investigating the subcellular localization of mutant MITFs. Immunocytochemistry and
immunoblotting revealed that more than 99% of wild-type MITF and Miwh-MITF located in nuclei of trans-
fected NIH 3T3 and 293T cells. In contrast, mi-MITF predominantly located in the cytoplasm of cells trans-
fected with the corresponding plasmid. When the immunoglobulin G (IgG)-conjugated peptides representing
a part of the DNA binding domain containing mi and Miwh mutations were microinjected into the cytoplasm
of NRK49F cells, wild-type peptide and Miwh-type peptide-IgG conjugate localized in nuclei but mi-type pep-
tide-IgG conjugate was detectable only in the cytoplasm. It was also demonstrated that the nuclear transloca-
tion potential of Mior-MITF was normal but that miew-MITF was impaired as well as mi-MITF. In cotransfec-
tion assay, a strong dominant negative effect of Miwh-MITF against wild-type MITF-dependent transactivation
system on tyrosinase promoter was observed, but mi-MITF had a small effect. However, by the conjugation of
simian virus 40 large-T-antigen-derived nuclear localization signal to mi-MITF, the dominant negative effect
was enhanced. Furthermore, we demonstrated that the interaction between wild-type MITF and mi-MITF oc-
curred in the cytoplasm and that mi-MITF had an inhibitory effect on nuclear localization potential of
wild-type MITF.

A double gene dose of mutant alleles at the mouse mi locus
produces various abnormalities of microphthalmia: depletion
of pigment in hairs, eyes, and inner ears; deafness; osteope-
trosis; and a decrease in the number of mast cells (10, 13, 15,
26, 29, 32, 40, 42, 44, 48, 49). Seventeen mutant alleles have
been reported at the mi locus (13, 27, 40). The mi locus en-
codes the basic helix-loop-helix leucine zipper (bHLH-ZIP)
transcription factor (20, 22), which was termed microphthal-
mia-associated transcription factor (MITF) (45). Proteins of
the bHLH-ZIP family are considered to bind DNA by the basic
domain, to dimerize through the helix-loop-helix domain, and
to be stabilized by the leucine zipper domain. N-terminal to the
DNA binding domain is an amphipathic helix that serves to
activate the transcription. Sequence relationships within the
bHLH-ZIP proteins clearly show that MITF is most closely
related to the transcription factors TFEB, TFEC, and TFE3 (1,
4, 53), all of which can form stable heterodimers with MITF
and with each other (19). Specificity of DNA binding is well
characterized in bHLH-ZIP proteins; most bHLH-ZIP pro-
teins bind the E-box motif whose consensus sequence is

CANNTG. Recently, it was reported that MITF regulates the
expression of the tyrosinase gene in melanocytes (2, 52), and
specific binding of MITF was demonstrated at the CATGTG
hexametric motif in the promoter region of the tyrosinase
gene.
Four mutant alleles, mi, Miwh, miew, and Mior, are known to

have mutations in the basic domain (20, 43). One of four
arginines (214 to 217) is depleted in the mi mutant allele; a
point mutation of the nucleotide results in an amino acid
change from isoleucine to asparagine at 212 in theMiwhmutant
allele. In the miew mutant allele, 75 bp of intragenic deletion
results in a lack of 25 amino acids from 187 to 212 and most of
the basic domain is missing. In the Mior mutant allele, the
arginine at 216 is changed to lysine. Biochemical analysis by
means of electrophoretic gel mobility shift assay showed that
MITFs encoded by these mutant alleles (mi-MITF, Miwh-
MITF, miew-MITF, and Mior-MITF) not only were incapable
of binding to DNA as homodimers (19, 31) but also interfered
with the DNA binding of wild-type MITF, TFE3, and another
bHLH-ZIP protein in vitro. Although a dominant negative
effect is demonstrated in vitro, it has not been clear whether
these mutant MITFs have a dominant negative effect on tran-
scriptional activation in vivo. Homozygous mi/mi, Miwh/Miwh,
miew/miew, and Mior/Mior mice lack melanocytes, and their coat
color is white (15, 40). The dominant negative phenotype of
heterozygous Miwh/1 and Mior/1 mice was much more appar-
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ent than that of heterozygous mi/1 and miew/1 mice. The coat
color is apparently lighter in Miwh/1 and Mior/1 mice but not
in mi/1 and miew/1 mice (15, 40).
Protein localized in the nucleus frequently contains specific

nuclear localization signal (NLS) that is required for active
transportation across the nuclear envelope (9, 11). The struc-
ture component of nuclear envelope includes the double mem-
brane, the nuclear pore complex, and the nuclear lamina. NLS
is recognized by NLS-binding protein, which functions as an
adapter molecule between the nuclear protein and the nuclear
pore complex. Following binding to the nuclear pore complex,
the protein is transported through the nuclear pore into the
nucleus. A number of NLSs have been identified in various
nuclear proteins including bHLH-ZIP transcription factors
(11). Viral Jun (v-Jun) is one of the nuclear proteins whose
NLS is identified as ASKSRKRKL at positions 245 to 253 (6).
The amino acid sequence in the basic domain of MITF con-
tains a motif similar to NLS of v-Jun, i.e., NLIERRRRFNIN at
positions 210 to 221, which is considered to be a putative NLS
of MITF.
There is a possibility that the discrepancy in phenotype

among mi/1, Miwh/1, miew/1, and Mior/1 mice is attributable
to the difference in their nuclear localization potentials. In the
present study, we compared the nuclear localization potential
among wild-type MITF and mutant MITFs. Furthermore, we
examined whether mutant MITFs have a dominant negative
effect on transcriptional activation of the tyrosinase promoter
in vivo.

MATERIALS AND METHODS
Plasmid constructs. A cDNA fragment, which contains the entire open read-

ing frame of wild-type MITF (nucleotides 148 to 1422) (31) was subcloned into
pGEX3X bacterial expression vector (Pharmacia Biotech, Uppsala, Sweden)
which produced glutathione S-transferase (GST)–wild-type MITF fusion protein
(41). The pGEX3X or pGEX3X–wild-type MITF plasmid was introduced into
Escherichia coli DH5a cells (Clontech Laboratories, Palo Alto, Calif.). The
expression of the GST or GST–wild-type MITF fusion protein was achieved with
the addition of the inducer isopropyl-b-D-thiogalactoside (1 mM), and the E. coli
cells were harvested 2 h later (31). As above, the wild-type MITF cDNA was
subcloned into pEF-BOS mammalian expression vector (30) which carried the
simian virus 40 (SV40) replication origin and promoter of elongation factor 1a
(pEF-BOS-wild-type MITF). The construction of pEF-BOS-mi-MITF was as
described above, except that the cDNA insert was the reverse transcription-PCR-
amplified fragment of the RNA prepared from mast cells of mi/mi mice. pEF-
BOS-Miwh-MITF and pEF-BOS-Mior-MITF were generated by site-directed mu-
tagenesis of pEF-BOS-wild-type MITF. pEF-BOS-miew-MITF was generated by
using PCR, in which oligonucleotide primers are designed in inverted tail-to-tail
directions (23). The pSPLucTyr plasmid contained the promoter region of the
mouse tyrosinase gene (2329 to 165) (39) cloned into pSPLuc. The luciferase
gene subcloned into pSP72 (pSPLuc) was generously provided by K. Nakajima
(Osaka University Medical School, Osaka, Japan) (33). pEF-BOS-CNLS-mi-
MITF and pEF-BOS-NNLS-mi-MITF plasmids which contained cDNA encod-
ing the SV40 large-T-antigen NLS (126PKKKRKV112) (25) in the C terminus or
N terminus of MITF were generated by using PCR. To generate the Myc-tagged
MITF construct, we subcloned the SmaI-HincII fragment of pBS-1/1-MITF
(31) into the StuI site of the CS21MT expression vector that provides six copies
of the Myc epitope tag (EQKLISEEDL) at the N-terminal end of the protein (a
gift from A. Suzuki, originally obtained by D. Turner [46]), and the resultant
chimeric gene was subcloned into pEF-BOS. A similarly designed influenza virus
hemagglutinin (HA)-tagged MITF expression construct encoded a triple N-
terminal anti-HA epitope tag (YPYDVPDYA) (a gift from M. Hibi, originally
obtained by T. Deng [8]) fused to full-length MITF. Nucleotide sequences of
these plasmids were confirmed by dideoxynucleotide sequencing.
Mice, cell culture, DNA transfection, and cotransfection assay. C57BL/6-

mi/mi (mi/mi) mice, C57BL/6-Miwh/Miwh (Miwh/Miwh) mice, and their normal
(1/1) littermates were raised in our laboratory. VGA-9 mice were generated in
a previous study (20) and were demonstrated to be the result of the insertional
mutation of the mouse vasopressin gene (18) to the mi locus. The NIH 3T3
fibroblast cell line and the NRK49F normal rat kidney cell line were obtained
from the Japanese Cancer Research Resource Bank (Tokyo, Japan). The 293T
human embryonic kidney cell line (12) was kindly provided by D. Baltimore
(Rockefeller University, New York, N.Y.). These cell lines were adapted to grow
in Dulbecco’s modification of Eagle’s medium (Flow Laboratories, Irvine,
United Kingdom) supplemented with 70 mg of penicillin per ml, 100 mg of

streptomycin per ml, and 10% fetal bovine serum (Nippon Bio-Supp Center,
Tokyo, Japan) in a humid condition with 5% CO2 at 378C. DNA transfection was
carried out by the calcium phosphate method as described previously (51).
Cotransfection assays were performed according to the method of Yasumoto et
al. (52). A pSPLucTyr reporter gene (10 mg) was cotransfected with 5 mg of
pEF-BOS-wild-type MITF together with various amounts of mutant MITF con-
structs indicated in Table 1 and 1 mg of the b-galactosidase expression vector
containing the human elongation factor promoter as an internal control. In all
cotransfection assays, the total amount of DNA was adjusted to 26 mg/100-mm
dish by the addition of a pEF-BOS plasmid DNA. The NIH 3T3 cells were
harvested 48 h after the transfection and lysed with 0.1 M potassium phosphate
buffer (pH 7.4) containing 1% Triton X-100. Soluble extracts were then assayed
for luciferase activity with a luminometer (LB96P; Berthold GmbH, Wildbad,
Germany) and for b-galactosidase activity. In each experiment, the luciferase
activity was normalized by the b-galactosidase activity and protein concentration,
which were then divided by the luciferase activity obtained from cells cotrans-
fected with the pSPLucTyr reporter and pEF-BOS vector (the fold of activation).
Preparation of anti-MITF antibody. To obtain anti-MITF antibody, a syn-

thetic peptide representing the C-terminal region of the MITF (amino acids 404
to 419; 404SSRRSSMSAEETEHAC419, the underlined region in Fig. 1) was
conjugated with bovine serum albumin (BSA) and immunized against rabbits.
Serum of a rabbit was affinity purified by BSA-coupled resin followed by syn-
thetic peptide-BSA-coupled resin. The affinity-purified anti-MITF antibody was
termed MIC4.
Immunocytochemistry. All subsequent steps were carried out at room tem-

perature unless otherwise noted. The cells were fixed 48 h after transfection with
100% methanol twice for 5 min at 48C and washed with phosphate-buffered
saline (PBS; 10 mM sodium phosphate buffer [pH 7.4], 150 mM NaCl) twice for
5 min. The cells were permeabilized by treatment with 0.2% Triton X-100 in PBS
for 2 min and washed with PBS four times for 5 min. Then the cells were
incubated in 0.3% H2O2 in methanol for 30 min to inactivate internal peroxidase,
washed with PBS six times for 5 min, and incubated with 1% BSA in PBS for 30
min. Then the cells were incubated with the MIC4 antibody at the protein
concentration of 1 mg/ml in PBS containing 0.1% BSA and 0.1% Tween 20
(TBPBS) overnight at 48C and washed with PBS containing 0.01% Tween 20 four
times for 5 min. The cells were incubated with biotin-conjugated goat anti-rabbit
immunoglobulin G (IgG) (DAKO A/S, Glostrup, Denmark) in TBPBS for 60
min. Immunoreacted cells were visualized with streptavidin-peroxidase (DAKO)
and 0.05% diaminobenzidine–0.02% H2O2 solution according to the manufac-
turer’s instructions.
Preparation of cytoplasmic and nuclear extracts for immunoblotting. Cyto-

plasmic and nuclear extracts were prepared as described by Schreiber et al. (38)
with minor modifications. Transfected cells in 100-mm dishes were collected 48
h after transfection and washed with PBS twice by centrifugation at 1,5003 g for
10 min at 48C. Then the cells were resuspended by gentle pipetting in 40 ml of
ice-cold buffer A (10 mM HEPES [N-2-hydroxyethylpiperazine-N9-2-ethanesul-
fonic acid] [pH 7.9], 10 mM KCl, 1.5 mMMgCl2, 0.1 mM EDTA, 0.1 mM EGTA
[ethylene glycol-bis(b-aminoethyl ether)-N,N,N9,N9-tetraacetic acid], 1 mM di-
thiothreitol, 1 mM phenylmethylsulfonyl fluoride [PMSF], 2 mg of pepstatin per
ml, 2 mg of leupeptin per ml, 2 mg of antipain per ml, 2 mg of elastatinal per ml).

FIG. 1. Structure of MITF. The amino acid sequence of the C-terminal
region used for immunization is underlined. Amino acid sequences of the basic
domain are also shown. Shown are sequences of the wild-type (amino acids 210
to 221), mi-type (amino acids 210 to 220), Miwh-type (amino acids 210 to 221),
miew-type (amino acids 185 to 196), andMior-type (amino acids 210 to 221) basic
domains.
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The cells were allowed to swell on ice for 3 min, and Nonidet P-40 was added to
a final concentration of 0.1%. After vigorous vortexing for 10 s, the homogenate
was centrifuged at 3,000 rpm for 3 min at 48C in a high-speed refrigerated
microcentrifuge (model MRX-150; Tomy, Tokyo, Japan). The supernatant was
used as the cytoplasmic fraction. The pellet was resuspended in 40 ml of ice-cold
RIPA buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate [SDS], 50 mM Tris-HCl [pH 7.4], 1 mM PMSF, 2 mg of
pepstatin per ml, 2 mg of leupeptin per ml, 2 mg of antipain per ml, 2 mg of
elastatinal per ml), disrupted by sonication at maximal power for 10 s at 48C, and
kept on ice for 30 min. The homogenate was centrifuged at 15,000 rpm for 20 min
at 48C. The supernatant was used as the nuclear extract. Cytoplasmic and nuclear
fractions of the heart were prepared as described above, except that 1.0 g of
dissected tissue was homogenized in 2.0 ml of ice-cold buffer A.
Immunoblotting. Samples were separated by SDS-polyacrylamide gel electro-

phoresis (SDS-PAGE) and transferred to polyvinylidene difluoride membrane
(Immobilon P; Millipore, Bedford, Mass.). The blots were incubated with 5%
skim milk in Tris-buffered saline (TBS; 20 mM Tris-HCl [pH 7.4], 150 mMNaCl)
overnight at 48C. Then, the blots were incubated with TBS containing 5% skim
milk with the anti-GST antiserum (Santa Cruz Biotechnology, Santa Cruz, Calif.)
at a dilution of 1:100 or MIC4 antibody at the protein concentration of 1 mg/ml
for 2 h at room temperature. The membrane was washed with TBS containing
0.1% Tween 20 (TTBS) four times for 15 min and was incubated with secondary
antibody in TTBS, peroxidase-conjugated goat anti-rabbit IgG (H1L) antibody
at a dilution of 1:10,000 (Jackson ImmunoResearch Laboratories, West Grove,
Pa.), or peroxidase-conjugated sheep anti-mouse immunoglobulin F(ab9)2 frag-
ment at a dilution of 1:3,000 (Amersham, Little Chalfont, Buckinghamshire,
England). The membrane was washed with TTBS four times for 15 min, and then
the immune complexes were visualized with the enhanced chemiluminescence
Western blotting (immunoblotting) detection reagents (Amersham). Then the
blots were exposed to Kodak XJB-1 films. The intensity of the signal was quan-
tified by using a densitometer (Molecular Dynamics, Sunnyvale, Calif.). The ratio
of the nuclear fraction intensity to the total intensity (nuclear and cytoplasmic
fractions) was calculated.
Immunoprecipitation. The 293T cells were transfected with 10 mg each of the

appropriate expression constructs indicated in Fig. 6. Forty-eight hours after the
transfection, the cytoplasmic extracts were prepared as described above. For the
immunoprecipitation, the nuclear extracts were prepared as described by Ron
and Harbener (36) with minor modifications. The nuclei were extracted for 30
min at 48C in buffer B (20 mM HEPES [pH 7.9], 400 mM NaCl, 1 mM EDTA,
1 mM EGTA, 1 mM dithiothreitol, 1 mM PMSF, 2 mg of pepstatin per ml, 2 mg
of leupeptin per ml, 2 mg of antipain per ml, 2 mg of elastatinal per ml). The
homogenate was subsequently diluted to 200 mM NaCl in the same buffer
lacking the salt and centrifuged at 15,000 rpm for 20 min at 48C. The supernatant
was used as the nuclear extract for immunoprecipitation. The cytoplasmic (40 ml)
or nuclear (80 ml) extract was incubated with 350 ml of LIP buffer (10 mM
HEPES [pH 7.9], 250 mMNaCl, 0.1% Nonidet P-40, 5 mMEDTA, 1 mM PMSF,
2 mg of pepstatin per ml, 2 mg of leupeptin per ml, 2 mg of antipain per ml, 2 mg
of elastatinal per ml) and protein G-Sepharose (Pharmacia Biotec) for 1 h at 48C
with gentle rocking and centrifuged at 15,000 rpm for 1 min at 48C. The super-
natant was transferred into a new tube and incubated with the monoclonal
antibody directed to the HA epitope (12CA5, provided as ascites fluid; a gift
fromM. Hibi) and protein G-Sepharose for 2 h on ice in LIP buffer. The immune
complex was washed four times with LIP buffer. Samples were resuspended in
loading buffer, analyzed on SDS–10% PAGE, and immunoblotted with the
anti-Myc tag antibody (the mouse monoclonal antibody 9E10 [Santa Cruz Bio-
technology]).
Conjugation of peptides to IgG and microinjections. The sequences of three

synthetic peptides for microinjection assay are shown in Fig. 1: wild-type peptide
(C-210NLIERRRRFNIN221-GG), mi-type peptide (C-210NLIERRRFNIN220-
GG), andMiwh-type peptide (C-210NLNERRRRFNIN221-GG). The terminal C
and GG residues represent an extra cysteine for coupling and glyceryl-glycine
functioning as a spacer, respectively. These peptides were conjugated to rabbit
IgG with m-maleimidobenzoic acid N-hydroxysuccinimide ester (MBS) by a
slight modification of the method described by Lanford et al. (28). IgG was
dissolved at the concentration of 6.7 mg/ml in 50 mM sodium phosphate buffer
at pH 7.0. MBS dissolved in dimethylformamide (10 mg/ml) was added to the
IgG solution to the final concentration of 0.25 mg/ml. The solution was kept for
30 min at room temperature. The MBS-treated IgG was separated from unre-
acted MBS by gel filtration through a PD10 column (Pharmacia Biotec) and then
incubated with 10 mg of synthetic peptide per ml for 5 h. Uncoupled peptide was
removed by dialysis against PBS overnight. Microinjections were performed with
an Eppendorf 5242 microinjector and 5170 micromanipulator (Eppendorf, Ham-
burg, Germany) attached to a Nikon inverted phase-contrast microscope (Nikon,
Tokyo, Japan). Peptide-IgG conjugates at 3 mg/ml in PBS were injected into the
cytoplasm of 200 to 300 NRK49F cells grown on coverslips. The microinjected
cells were transferred to fresh Dulbecco’s modification of Eagle’s medium and
incubated in a CO2 incubator for 2 h at 378C. The cells were washed with ice-cold
PBS and then fixed with formaldehyde. Microinjected rabbit IgG was detected by
direct immunofluorescence with goat anti-rabbit IgG antibody conjugated with
fluorescein isothiocyanate.

RESULTS

A polyclonal antibody specific for MITF. To obtain anti-
MITF antibody, a synthetic peptide representing the C-termi-
nal region of the MITF (the underlined region in Fig. 1) was
conjugated with BSA and immunized against rabbits. The ob-
tained antiserum was purified with the column chromatograph
containing resin coupled with the synthetic peptide-BSA con-
jugate. The purified antibody was called MIC4 hereafter. Spec-
ificity of the MIC4 antibody was checked by immunoblotting
analysis. Extracts of E. coli DH5a cells which contained
pGEX3X or pGEX3X-wild-type MITF plasmid were purified
with the affinity chromatograph containing agarose coupled
with glutathione, and the samples were electrophoresed and
reacted with the anti-GST antibody. Strong signals were de-
tected at the sizes of 26 and 78 kDa (Fig. 2, lanes 1 and 2),
corresponding to the expected size of GST and that of GST–
wild-type MITF fusion protein, respectively. In contrast, when
the same samples were electrophoresed and reacted with the
MIC4 antibody, only the 78-kDa band was detected (Fig. 2,
lanes 3 and 4), indicating that GST–wild-type MITF fusion
protein was recognizable by the MIC4 antibody. Since the basic
domain was remote from the C terminus, which was used as
the antigen, the MIC4 antibody bound wild-type MITF, mi-
MITF, and Miwh-MITF without significant differences (data
not shown).
The specific signal was also obtained with the MIC4 anti-

body in the nuclear extract prepared from 293T cells trans-
fected with pEF-BOS mammalian expression vector containing
wild-type MITF cDNA but not in the nuclear extract prepared
from 293T cells transfected with pEF-BOS vector (Fig. 2, lanes
5 and 6). Although the size of the detected signal in SDS-
PAGE was slightly larger than expected, the MITF synthesized
by the in vitro translation system with rabbit reticulocyte lysate
was of comparable size (data not shown). The result indicated
that transiently expressed MITF in mammalian cells was spe-
cifically recognizable by the MIC4 antibody.
High-level expression of the MITF gene has been reported

in the hearts of mice (20, 22). We examined whether the MIC4
antibody recognized the MITF produced in the heart. VGA9
mice whose MITF gene was interrupted by the insertional
mutation (20) were used as a negative control. Distinct signal

FIG. 2. Demonstration of the specificity of the MIC4 antibody by immuno-
blotting. Lane 1, extract from E. coli DH5a cells which contained pGEX3X; lane
2, extract from E. coli DH5a cells which contained pGEX3X-wild-type MITF;
lane 3, extract from E. coli DH5a cells which contained pGEX3X; lane 4, extract
from E. coli DH5a cells which contained pGEX3X-wild-type MITF; lane 5, the
nuclear extract from 293T cells transfected with pEF-BOS-wild-type MITF; lane
6, the nuclear extract from 293T cells transfected with pEF-BOS vector; lane 7,
the heart nuclear extract from 1/1 mice; lane 8, the heart nuclear extract from
VGA9 mice. Samples were separated by SDS–15% PAGE. Immunoblotting
analysis was carried out with the anti-GST antibody (lanes 1 and 2) or with the
MIC4 antibody (lanes 3 to 8). Molecular mass is indicated on the left.
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was detected in the heart nuclear extract from 1/1 mice (Fig.
2, lane 7) but not in the heart nuclear extract from VGA9 mice
(Fig. 2, lane 8). The size of signal was comparable to that of
293T cells transfected with pEF-BOS-wild-type MITF (Fig. 2,
lane 5).
Subcellular localization of wild-type and mutant MITFs. To

examine subcellular localization of MITF, NIH 3T3 and 293T
cells were transfected with pEF-BOS, pEF-BOS containing
wild-type MITF cDNA, pEF-BOS containingmi-MITF cDNA,
or pEF-BOS containing Miwh-MITF cDNA. Transfected cells
were stained with the MIC4 antibody 48 h after transfection.
When NIH 3T3 and 293T cells were transfected with pEF-
BOS-wild-type MITF, a strong signal was observed in the nu-
clei of approximately 20% of the cells (Fig. 3A and E). No
signals were detectable in the remaining 80% of NIH 3T3 and
293T cells probably because of the failure of incorporation of
DNA. On the other hand, a strong signal was predominantly
localized in the cytoplasm of approximately 20% of NIH 3T3
and 293T cells transfected with pEF-BOS-mi-MITF (Fig. 3B
and F). These results indicated that wild-type MITF produced
by NIH 3T3 and 293T cells was normally transported into the
nuclei and that mi-MITF was defective in the nuclear translo-
cation. In the NIH 3T3 and 293T cells transfected with pEF-
BOS-Miwh-MITF, the signal was detected in the nuclei of ap-
proximately 20% of the cells (Fig. 3C and G), demonstrating
the normal nuclear translocation of Miwh-MITF. When pEF-
BOS vector was transfected, no signals were detectable in both
NIH 3T3 and 293T cells (Fig. 3D and H), indicating that the
MIC4 antibody specifically bound wild-type and mutant MITFs
produced within these cultured cells and that the significant
amount of endogenous MITF was produced by neither NIH
3T3 nor 293T cells.
The distribution of wild-type and mutant MITFs in NIH 3T3

cells was also examined and quantified by immunoblotting
analysis. Strong signal was obtained in the nuclear extract pre-
pared from the cells transfected with pEF-BOS-wild-type
MITF but not in the cytoplasmic fraction of the same cells (Fig.
4A, lanes 1 and 2). The size of the immunoreactive protein was
identical to that shown in Fig. 2. By quantitative analysis with
the densitometer, more than 99% of wild-type MITF was lo-
calized in the nuclear fraction. In contrast, only 32% of mi-
MITF was localized in the nuclear fraction, and the remaining
68% was detected in the cytoplasmic fraction. In the case of
Miwh-MITF, more than 99% was localized in the nuclear frac-
tion. Comparable results were obtained when 293T cells were
used instead of NIH 3T3 cells (Fig. 4B).
Functional analysis of putative NLS of MITFs. To examine

whether the putative NLS sequences in the basic domain of
wild-type, mi, and Miwh-MITFs are biologically functional,
synthetic peptides composed of 11 (mi type) or 12 (wild type
and Miwh type) amino acids were conjugated with rabbit IgG
and injected into NRK49F cells. The amino acid sequences of
the injected peptides are shown in Fig. 1. One to three pico-
grams of conjugates was injected into the cytoplasm. Two
hours after injection, the localization of peptide-IgG conjugate
was determined under the fluorescence microscope. When the
wild-type peptide-IgG conjugate was injected, strong signal
was detected in the nuclei (Fig. 5A). In contrast, the mi-type
peptide-IgG conjugate was detected only in the cytoplasm of
injected cells (Fig. 5B). The Miwh-type peptide-IgG conjugate
was detected in the nuclei as in the case of wild-type peptide-
IgG conjugate (Fig. 5C). When unconjugated IgG was in-
jected, the signal was detected only in the cytoplasm (data not
shown). These results indicated that the mi-type peptide-IgG
conjugate was deficient in the nuclear transportation potential

compared with the wild-type and Miwh-type peptide-IgG con-
jugates.
Dominant negative effect of nucleus-localized mi-MITF on

transcriptional activation of the tyrosinase promoter by wild-
type MITF. It has been reported that mi-MITF and Miwh-
MITF had inhibitory effects on the DNA binding activities of
wild-type MITF (19). To examine the dominant negative effect
of mutant MITFs on transactivation of the tyrosinase promoter
by wild-type MITF, the cotransfection assay was carried out.
The NIH 3T3 cells were cotransfected with pEF-BOS-wild-
type MITF and pSPLucTyr plasmids. Forty-eight hours after
transfection, cells were harvested and the luciferase activity
was examined. When the luciferase activity was compared with
that of pEF-BOS and pSPLucTyr by cotransfection assay, five-
fold activation by wild-type MITF was observed (Table 1). By
the addition of pEF-BOS-Miwh-MITF to the system, the tyrosi-
nase promoter activity was dramatically decreased, which was
at least fivefold less compared with that by wild-type MITF.
When pEF-BOS-mi-MITF was tested, a slight decrease of ty-
rosinase promoter activity was observed, but the inhibitory
effect was much lower compared with that of pEF-BOS-Miwh-
MITF.
To examine whether the smaller inhibitory effect of mi-

MITF was due to the lower concentration of MITF in the
nucleus, pEF-BOS-CNLS-mi-MITF and pEF-BOS-NNLS-mi-
MITF plasmids which contained cDNA encoding the SV40
large-T-antigen NLS (25) in the C terminus or N terminus of
MITF were constructed and used for cotransfection assay.
When NIH 3T3 cells were transfected with pEF-BOS-CNLS-
mi-MITF plasmid, more than 80% of CNLS-mi-MITF was
demonstrated to be localized in the nucleus by immunoblotting
with the MIC4 antibody (data not shown). Comparable results
were obtained when pEF-BOS-NNLS-mi-MITF plasmid was
used instead of pEF-BOS-CNLS-mi-MITF plasmid. In co-
transfection assays, it was demonstrated that the transactiva-
tion by wild-type MITF was repressed following cotransfection
with either pEF-BOS-CNLS-mi-MITF or pEF-BOS-NNLS-
mi-MITF expression vector in a dose-dependent manner (Ta-
ble 1). These results indicated that both Miwh-MITF and mi-
MITF had dominant negative effects on transactivation of
tyrosinase promoter by wild-type MITF. However, because of
the defectiveness of mi-MITF in the nuclear transportation,
mi-MITF had a recessive negative effect on transactivation of
the tyrosinase promoter.
mi-MITF interacted with wild-type MITF in the cytoplasm

and inhibited nuclear translocation of wild-type MITF. MITF
was considered to function as homodimers or heterodimers
with other bHLH-ZIP proteins (19, 31, 43). To investigate
whether the dimerization of MITF occurs in the cytoplasm or
nuclei, we subcloned the coding region of wild-type MITF
downstream of the Myc epitope in pEF-BOS mammalian ex-
pression vector (pEF-BOS-Myc-wild-type MITF). We also con-
structed the coding region of mi-MITF downstream of the influ-
enza virus HA epitope (pEF-BOS-HA-mi-MITF). Subconflu-
ent 293T cells were cotransfected with these expression vectors
either singly or in combination. Cytoplasmic and nuclear ex-
tracts were prepared under nonionic detergent conditions from
transfected cells and subjected to direct immunoblotting with
the MIC4 antibody (Fig. 6A) or immunoprecipitated with anti-
HA-tag antibody (12CA5) and then immunoblotted with anti-
Myc-tag antibody (9E10) (Fig. 6B). When the cells were trans-
fected with pEF-BOS-Myc-wild-type MITF alone, the MIC4
antibody detected the pEF-BOS-Myc-wild-type MITF gene
product (MITFMyc) only in the nuclear fraction by direct im-
munoblotting (Fig. 6, lane 2). The same subcellular distribu-
tion pattern was obtained by the appearance of MITFMyc when
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the same extracts were immunoprecipitated by anti-Myc-tag
antibody (data not shown). These results indicated that epi-
tope-tagged MITFMyc had the same nuclear localization po-
tential as nontagged wild-type MITF. No detectable signal of
MITF except that obtained from extracts of cells transfected

with pEF-BOS vector alone (Fig. 6, lanes 11 and 12) was
obtained when the cytoplasmic and nuclear extracts were im-
munoprecipitated by anti-HA-tag antibody and immunoblot-
ted with anti-Myc-tag antibody (Fig. 6, lanes 7 and 8). Whereas
293T cells were cotransfected with pEF-BOS-Myc-wild-type

FIG. 3. Subcellular localization of wild-type MITF, mi-MITF, and Miwh-MITF demonstrated by immunocytochemistry. (A) NIH 3T3 cells transfected with
pEF-BOS-wild-type MITF; (B) NIH 3T3 cells transfected with pEF-BOS-mi-MITF; (C) NIH 3T3 cells transfected with pEF-BOS-Miwh-MITF; (D) NIH 3T3 cells
transfected with pEF-BOS; (E) 293T cells transfected with pEF-BOS-wild-type MITF; (F) 293T cells transfected with pEF-BOS-mi-MITF; (G) 293T cells transfected
with pEF-BOS-Miwh-MITF; (H) 293T cells transfected with pEF-BOS. Transfected cells were stained with the MIC4 antibody 48 h after transfection. Scale bars 5 10
mm.
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MITF and pEF-BOS-HA-mi-MITF, a strong anti-HA-tag an-
tibody-immunoprecipitable and anti-Myc-tag antibody-reac-
tive band was obtained only in the cytoplasmic fraction (Fig. 6,
lane 9). When the same extracts were analyzed on direct im-
munoblotting with the MIC4 antibody, we observed a strong

signal of MITFMyc in both the cytoplasmic and the nuclear
extracts (Fig. 6, lanes 3 and 4) in the same position as anti-
HA-tag antibody-immunoprecipitable and anti-Myc-tag anti-
body-reactive band. Therefore, it was demonstrable that the
signal was derived from MITFMyc. On the other hand, pEF-

FIG. 4. Subcellular localization of wild-type MITF, mi-MITF, and Miwh-
MITF determined by immunoblotting analysis. (A) Cytoplasmic and nuclear
extracts were obtained from NIH 3T3 cells; (B) cytoplasmic and nuclear extracts
were obtained from 293T cells. Lanes 1, the cytoplasmic extract from cells
transfected with pEF-BOS-wild-type MITF; lanes 2, the nuclear extract from
cells transfected with pEF-BOS-wild-type MITF; lanes 3, the cytoplasmic extract
from cells transfected with pEF-BOS-mi-MITF; lanes 4, the nuclear extract from
cells transfected with pEF-BOS-mi-MITF; lanes 5, the cytoplasmic extract from
cells transfected with pEF-BOS-Miwh-MITF; lanes 6, the nuclear extract from
cells transfected with pEF-BOS-Miwh-MITF; lanes 7, the cytoplasmic extract
from cells transfected with pEF-BOS; lanes 8, the nuclear extract from cells
transfected with pEF-BOS. Samples were separated on an SDS–15% PAGE gel.
Immunoblotting analysis was carried out with the MIC4 antibody. Molecular
mass is indicated on the left.

FIG. 5. Nuclear translocation of rabbit IgG mediated by synthetic peptides, a
part of the basic domain of MITFs. (A) NRK49F cells microinjected with the
wild-type peptide-IgG conjugate; (B) NRK49F cells microinjected with the mi-
type peptide-IgG conjugate; (C) NRK49F cells microinjected with theMiwh-type
peptide-IgG conjugate. Microinjected NRK49F cells were stained with the flu-
orescein isothiocyanate-labeled anti-rabbit IgG antibody 2 h after injection.
Amino acid sequences of three peptides are shown in Fig. 1. Scale bar 5 5 mm.

FIG. 6. Interaction between wild-type MITF and mi-MITF occurred in the
cytoplasm. The cytoplasmic and nuclear extracts were obtained from transfected
293T cells under nonionic detergent conditions for immunoprecipitation as de-
scribed in Materials and Methods. (A) Direct immunoblotting with the MIC4
antibody of extracts from transfected 293T cells. Samples were separated by
SDS–10% PAGE. The positions of migration of the pEF-BOS-Myc-wild-type
MITF gene product (MITFMyc) and the pEF-BOS-HA-mi-MITF gene product
(mi-MITFHA) are indicated by arrowheads on the right. (B) Each extract from
the transfected cells was first immunoprecipitated with anti-HA-tag antibody
(12CA5). Immunoprecipitated materials were resuspended, and immunoblotting
analysis was carried out with anti-Myc-tag antibody (9E10). Samples were sep-
arated on an SDS–10% PAGE gel. The position of migration of MITFMyc is
indicated by an arrowhead on the right. Lanes 1 and 7, the cytoplasmic extract
from cells transfected with pEF-BOS-Myc-wild-type MITF alone; lanes 2 and 8,
the nuclear extract from cells transfected with pEF-BOS-Myc-wild-type MITF
alone; lanes 3 and 9, the cytoplasmic extract from cells cotransfected with pEF-
BOS-Myc-wild-type MITF and pEF-BOS-HA-mi-MITF; lanes 4 and 10, the
nuclear extract from cells cotransfected with pEF-BOS-Myc-wild-type MITF and
pEF-BOS-HA-mi-MITF; lanes 5 and 11, the cytoplasmic extract from cells trans-
fected with pEF-BOS plasmid; lanes 6 and 12, the nuclear extract from cells
transfected with pEF-BOS plasmid. Molecular mass is indicated on the left.

TABLE 1. Dominant negative effect of mutant MITFs on
transactivation of the tyrosinase promoter

by wild-type MITF

Cotransfected DNA Amount of cotrans-
fected DNA (mg)

Activationa

(fold)

None 5.11 6 0.16
pEF-BOS-Miwh-MITF 2.5 1.16 6 0.03b

5.0 0.83 6 0.04b

10.0 0.49 6 0.05b

pEF-BOS-mi-MITF 2.5 4.19 6 0.27
5.0 3.95 6 0.39
10.0 2.38 6 0.41

pEF-BOS-NNLS-mi-MITF 2.5 3.01 6 0.21
5.0 2.62 6 0.14
10.0 1.77 6 0.12b

pEF-BOS-CNLS-mi-MITF 2.5 2.85 6 0.37
5.0 2.52 6 0.12
10.0 1.57 6 0.13b

a The luciferase activity was normalized to the b-galactosidase activity and
protein concentration, which were divided by the luciferase activity obtained
from cells cotransfected with the pSPLucTyr reporter and pEF-BOS (the fold of
activation). Each value is the mean 6 the standard error.
b P is ,0.02 by the t test compared with the value for no cotransfected DNA

(5.11 6 0.16).
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BOS-HA-mi-MITF gene product (mi-MITFHA) was detect-
able only in the cytoplasmic extracts by direct immunoblotting
with the MIC4 antibody (Fig. 6, lane 3). When pEF-BOS-Myc-
wild-type MITF-transfected cells were mixed with pEF-BOS-
HA-mi-MITF-transfected cells, and the extracts were prepared
from the mixture of independently transfected cells, no anti-
HA-tag antibody-immunoprecipitable and anti-Myc-tag anti-
body-reactive signal was detected (data not shown). These
results indicated the possibility that the interaction between
mi-MITF and wild-type MITF occurred in the cytoplasm and
that mi-MITF had also an inhibitory effect on nuclear local-
ization potential of wild-type MITF.
Nuclear localization potentials of other mutant MITFs

which carry mutations in the basic domain. Our data showed
that peptides which contained a part of the basic domain func-
tioned as a NLS of MITF (Fig. 5). This region of MITF was
conserved among other bHLH-ZIP transcription factors, TFE3,
TFEB, and TFEC (1, 4, 53) (Table 2). It was also reported
that other mutant MITFs, miew and Mior, carried mutations in
this basic domain. Nucleotide sequence encoding miew-MITF
showed an internal deletion of 75 bp which results in a lack of
25 amino acids from 187 to 212, and a nucleotide point muta-
tion in Mior results in amino acid substitution of arginine with
lysine at 216 (Fig. 1). To examine the subcellular localization of
these mutant MITFs, 293T cells were transfected with pEF-
BOS-miew-MITF or pEF-BOS-Mior-MITF, and immunoblot-
ting with the MIC4 antibody was carried out. A strong signal of
Mior-MITF was detected in the nuclear fraction (Fig. 7, lane 4),
but signal was not detectable in the cytoplasmic fraction pre-
pared from cells transfected with pEF-BOS-Mior-MITF (Fig. 7,
lane 3). On the other hand, approximately 40% of miew-MITF
remained in the cytoplasmic fraction prepared from cells trans-
fected with pEF-BOS-miew-MITF (Fig. 7, lane 1). These re-
sults indicated that the nuclear localization potential of Mior-
MITF was normal but that miew-MITF was impaired as in the
case of mi-MITF (Fig. 7, lanes 5 and 6).

DISCUSSION

We produced the MIC4 antibody that recognized the mu-
rine MITF. NIH 3T3 or 293T cells were transfected with the
plasmid containing the cDNA of various mutant MITFs which
carried mutations in the basic domain. Subcellular localization
of MITFs produced by transfected cells was determined by
immunocytochemistry or immunoblotting with the MIC4 anti-
body. Wild-type MITF, Miwh-MITF, and Mior-MITF appear to
translocate to the nucleus, but mi-MITF and miew-MITF ap-
pear to have a defect in the nuclear translocation. Our results
indicated that the deficient nuclear translocation of mi-MITF
and miew-MITF may be attributable to the mutation in the
basic domain.
However, significant amounts of mi-MITF and miew-MITF

were present in the nucleus of 293T cells transfected with the
plasmid containing each cDNA, respectively. Some explana-
tions may be possible. (i) Other NLSs may be present in the

MITF molecule. Some nuclear proteins such as polyomavirus
large T antigen (35), Saccharomyces cerevisiae ribosomal pro-
tein L29 (47), S. cerevisiae MATa2 (16, 17), influenza virus
NS1 (14), the core protein of hepatitis C virus (5), and the
glucocorticoid receptor (34) contain more than two NLSs.
Some mi-MITF and miew-MITF molecules may translocate to
the nucleus by using other NLSs. (ii) The amount of MITF
produced in the transfected cells may be too abundant com-
pared with the amount of physiologically produced MITF. A
portion of excess mi-MITF or miew-MITF could diffuse into
the nucleus in 48 h. However, we do not consider that the
physiological amount of mi-MITF and miew-MITF may diffuse
into the nucleus.
The peptides containing a part of the basic domain (210NLI

ERRRRFNIN221) were conjugated with rabbit IgG and in-
jected into the cytoplasm of NRK49F cells. The conjugates of
rabbit IgG with the wild-type or Miwh-type peptide were de-
tected only in the nucleus, but the conjugates with the mi-type
peptide were detectable only in the cytoplasm. This result is
consistent with the result obtained by immunoblotting and
immunocytochemistry and clearly indicates that the amino acid
sequence of this portion in the basic domain of MITF functions
as an NLS. It was also demonstrated that the nuclear translo-
cation ability was completely lost by a deletion of an arginine
residue. The present result is consistent with a previous study
(6) that found that a series of four basic amino acids is essential
for the nuclear translocation in the v-Jun protein (Table 2). In
the case ofmiew-MITF, lacking 25 amino acids from 187 to 212,
the mutation removes all but five (213ERRRR217) amino
acids in the basic domain (43). It was reported that there are
two NLSs in the human c-Myc protein having a bHLH-ZIP
structure (7), residues 320 to 328 (320PAAKRVKLD328; pep-
tide M1) and residues 364 to 374 (364RQRRNELKRSP374;
peptide M2). The amino acid sequence from 210 to 221
(210NLIERRRRFNIN221) corresponds to the M2 region, and
the deleted amino acid sequence in miew-MITF (187 to 212)
involves a sequence similar to that of the M1 region of c-Myc.
Therefore, we consider that residues 210 to 221 function as the
NLS of MITF and additional NLS is present within the region
from 187 to 212. The basic domain of MITF is highly conserved
among other bHLH-ZIP transcription factors, TFE3, TFEB,
and TFEC (1, 4, 53) (Table 2). It is possible to speculate that

FIG. 7. Subcellular localization of miew-MITF andMior-MITF. The cytoplas-
mic and nuclear extracts were obtained from 293T cells. Lane 1, the cytoplasmic
extract from cells transfected with pEF-BOS-miew-MITF; lane 2, the nuclear
extract from cells transfected with pEF-BOS-miew-MITF; lane 3, the cytoplasmic
extract from cells transfected with pEF-BOS-Mior-MITF; lane 4, the nuclear
extract from cells transfected with pEF-BOS-Mior-MITF; lane 5, the cytoplasmic
extract from cells transfected with pEF-BOS-mi-MITF; lane 6, the nuclear ex-
tract from cells transfected with pEF-BOS-mi-MITF. Samples were separated on
an SDS–15% PAGE gel. Immunoblotting analysis was carried out with the MIC4
antibody. Molecular mass is indicated on the left.

TABLE 2. Comparison of amino acid sequences of putative
NLSs in the MITF-related proteins and v-Jun

Protein Sequence

MITF................................................................................NLIERRRRFNIN
TFE3 ................................................................................NLIERRRRFNIN
TFEB ...............................................................................NLIERRRRFNIN
TFEC ...............................................................................NLIERRRRYNIN
v-Jun.................................................................................ASKSRKRKL
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the NLSs of these bHLH-ZIP proteins may locate at this re-
gion as well.
Homozygous mi/mi, Miwh/Miwh, miew/miew, and Mior/Mior

mice lack melanocytes, and their coats are white (15, 40). The
phenotype could be explained by the dominant negative effect
of mutant MITFs encoded by these mutant alleles on DNA
binding. These mutant MITFs interfere with the DNA binding
of wild-type MITF, TFE3, and another bHLH-ZIP protein
(19). Despite the dominant negative effect on DNA binding, a
discrepancy of phenotype among these heterozygous mice is
observed. The coat color is apparently lighter in Miwh/1 and
Mior/1 mice but not in mi/1 and miew/1 mice (15, 40). There-
fore, the dominant negative effect of theMiwh andMior mutant
allele is much more remarkable than that of the mi and miew

mutant allele. MITF is considered to function as a homodimer
or heterodimer with other bHLH-ZIP proteins (19, 31). The
different phenotypes of coat color among heterozygous mutant
mice may be explained as follows. Since the Miwh-MITF and
Mior-MITF translocate into the nucleus with the same effi-
ciency as wild-type MITF, dimers between mutant MITF and
wild-type MITF and dimers between mutant MITF and other
bHLH-ZIP proteins are accumulated in the nucleus. The func-
tion of such dimers is considered to be deficient (19), and
therefore heterozygous Miwh/1 and Mior/1 mice show abnor-
mal phenotypes. Since our findings indicated that mi-MITF
and miew-MITF showed the depletion of the translocation into
the nucleus with neither mutant MITF nor wild-type MITF,
the homodimer of wild-type MITF, whose function is normal,
selectively accumulated in the nucleus. Even though some
amount of wild-type MITF is trapped in the cytoplasm by
mi-MITF, the amount of wild-type MITF homodimer in the
nucleus which is produced by the 1 allele of mi/1 and miew/1
mice may be enough for pigmentation in hairs during devel-
opment. In fact, our results showed that Miwh-MITF had a
strong dominant negative effect on transactivation of the ty-
rosinase promoter by wild-type MITF. On the other hand, an
inhibitory effect of mi-MITF was much smaller than that of
Miwh-MITF. Since an inhibitory effect of mi-MITF was en-
hanced by conjugation of SV40 large-T-antigen-derived NLS,
it was demonstrated that the smaller inhibitory effect of mi-
MITF was due to the lower concentration of mi-MITF in the
nucleus. As a result, heterozygous mi/1 and miew/1 mice show
an almost normal phenotype because of deficiency in the nu-
clear localization potential.
Our data from coimmunoprecipitation assay showed that

mi-MITF interacted with wild-type MITF in the cytoplasm and
had an inhibitory effect on nuclear translocation of wild-type
MITF. A similar interaction was reported in that a mutant
SV40 large T antigen failed to localize normally in the nucleus
and interfered with nuclear translocation of another nuclear
protein, adenovirus 5 fiber protein (37). The homozygous
mi/mi mice show phenotypes in addition to those of other
MITF mutants, osteopetrosis and a decrease in the number of
mast cells (10, 26, 29, 48, 49). The reason for additional phe-
notypes in homozygousmi/mimice is still unknown, but we can
speculate that mi-MITF associates with another protein whose
function is indispensable in specific cell types such as oste-
oclasts and/or mast cells and inhibits the nuclear translocation
of the protein. Interallelic complementation observed in dou-
bly heterozygous mi/Miwh mice shows the phenotype of eyes
being larger and slightly more pigmented than those of either
mi or Miwh homozygotes alone (21). The phenotype of the
mi/Miwh mice supports our idea that because Miwh-MITF has
normal nuclear localization potential, the complex between
Miwh-MITF and an unknown factor could translocate normally
into the nucleus. This possibility suggests that MITF acts as a

nuclear transporter of the protein as well as a transcription
factor. Since osteopetrosis was observed in both mi/mi mice
and gene-targeted mice in the c-fos gene, their abnormalities
resembled each other (24, 50), and the distinct NLSs had not
yet been identified in the c-fos gene product (FOS), we spec-
ulate that FOS or FOS-interacting protein (3) is one of the
candidates for the partner for MITF in the cytoplasm of oste-
oclasts. A further study of interaction partners with MITF,
affinity, and MITF target genes may help in the elucidation of
the biological function of MITF in specific cell types.
Taken together, the present results indicate the presence of

a NLS in the DNA binding domain of MITF. Therefore, the
different phenotypes of coat color among mutant mice may be
explained by differences in the nuclear localization potential of
mutant MITFs. The mi and miew mutant alleles appear to be
the first known mutations which result in the loss of nuclear
localization potential in transcription factors; these useful mu-
tants may provide us with important knowledge of the differ-
entiation and proliferation of cells during development.
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